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The aim of the present paper is to explore whether seasonal outbreaks of infectious
diseases may be linked to changes in host microbiomes. This is a very important issue,
because one way to have more control over seasonal outbreaks is to understand the
factors that underlie them. In this paper, Iwill evaluate the relevanceof themicrobiome
as one of such factors. The paper is based on two pillars of reasoning. Firstly, on the
idea that microbiomes play an important role in their hosts’ defence against infectious
diseases. Secondly, on the idea that microbiomes are not stable, but change season-
ally. These two ideas are combined in order to argue that seasonal changes in a given
microbiome may influence the functionality of the host’s immune system and conse-
quently make it easier for infectious agents to infect the host at certain times of year.
I will argue that, while this is only a theoretical possibility, certain studies may back up
such claims. Furthermore, I will show that this does not necessarily contradict other
hypotheses aimed at explaining seasonal outbreaks; in fact, it may even enhance them.
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INTRODUCTION
The widespread belief that some diseases have a seasonal character
has been with us at least since antiquity, as Hippocrates himself noted
this tendency.[1] Currently, we know that seasonal illnesses may be
causedbyagents, suchas influenza viruses,which infect amuchgreater
number of people during winter,[2–4] corresponding to the popular
expression “flu season.” However, these seasonal diseases can also
be caused by non-infectious factors. For example, Oberg et al. found
a seasonal association with ischaemic stroke, for which the peak of
occurrence was reached in mid-May.[5] Even though both tendencies
are interestingthe present paper focuses on infectious diseases only.
What do we really mean when we say that infectious diseases are
characterised by seasonality? Not that all infectious diseases peak in a
host population at the same time, but rather that the infectious agents
that cause diseases in a host population are characterised by their
own seasonal windows of intensified occurrence in a host population.
These windows are usually contained within a single year, but some
diseases, e.g., pertussis, caused in human populations by the bacteria
Bordetella pertussis, may involve multi-annual outbreaks.[4] Impor-
tantly, infectious diseases may vary between geographic locations and
differ from other diseases within the same location. In the case of the
human population in the Northern Hemisphere, outbreaks of infection
with influenza viruses occur each winter,[2–4] whereas infection with
the chicken pox virus peaks each spring, [4,6] and transmission of the
polio virus has historically occurred in summer.[7] Seasonal outbreaks
in humans, marked by winter peaks, are also a feature of bacterial
infections caused by pneumococcus.[8,9] Seasonal outbreaks in human
populations are not limited to temperate zones; for example, Levy
and colleagues showed that rotaviruses in tropical regions infect
the greatest number of individuals in cold and dry months.[10] Fur-
thermore, outbreaks are also different in different host species and
are sometimes caused by agents other than the viruses to which we
intuitively ascribe such events (see Table 1 for examples). However,
not all diseases caused by infectious agents have a seasonal character.
For instance, Skajja and colleagues showed that even though the
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TABLE 1 We are familiar with the seasonality of infectious
diseases in humans (some examples in the text); we even have popular
phrases to refer to this, such as “flu season,” and commonly associate
themwith viruses. However, seasonal outbreaks outside human
populations are also widespread andmay be caused by both viral and
non-viral agents. This table presents some examples
Examples of seasonal outbreaks of infectious
diseases in non-human populations References
Sweden: seasonal outbreaks of the bacteria
Salmonella enterica, peaking inMarch, in humans,
domestic cats, and passerines.
[15]
Denmark: seasonal outbreaks of cowpox virus,
peaking between August andOctober, in captive
cheetahs in a safari park.
[16]
Etosha National Park, Namibia: seasonal outbreaks
of the bacterium Bacillus anthracis, peaking at the
end of the rainfall season, in plains zebras and
springboks.
[17]
United States: seasonal outbreaks of many
pathogens of honey bees. The peak of infection
with common honey bee viruses – black queen
cell virus (BQCV), bee paralysis virus (ABPV), and
sacbrood virus (SBV) – andwith the
microsporidianNosema occurred in the summer,
whereas levels of the trypanosomatid Crithidia
mellificae and Lake Sinai virus 2, a novel virus,
peaked in January.
[18]
Central Oklahoma, United States: seasonal
outbreaks of the fungus Batrachochytrium
dendrobatidis in amphibian populations of
different species increased during cooler months
(March,May, October) and decreased during
warmermonths (June, August).
[19]
aetiology of inflammations of the heart (broadly classified as pericardi-
tis, myocarditis, and endocarditis) is predominantly infectious, these
diseases arenot characterisedby seasonal outbreaks.[11] Furthermore,
the seasonality of certain pathogens may be “context-dependent.” For
example, the seasonality of the hepatitis C virus has been observed
only in some countries.[12] In other cases, more research is needed.
For instance, Sajadi et al. have pointed out that COVID-19 may be
marked by seasonal differences in activity,[13] similarly to other com-
mon human coronaviruses,[14] which usually cause symptoms of the
common cold, have been shown to display marked winter seasonality
betweenDecember andApril, and are undetectable in summermonths
in temperate regions. However, certain other coronaviruses, such
as MERS and SARS, do not appear to follow a seasonal pattern.[13]
Thus, it is too soon to reach any decisions regarding the seasonality of
COVID-19. Nevertheless, it seems that the seasonality of infections is
a widespread phenomenon.
All of the above shows that there is a recurrent theme that needs
to be explored. Mainly, what are the factors that contribute to inten-
sified occurrences of infectious diseases in certain seasons? In other
words, what causes the seasonality of infectious diseases? Table 2
presents some popular ideas currently in scientific circulation that
have been put forward to explain this phenomenon. Interestingly,
TABLE 2 Classic ideas aimed at explaining the factors causing
seasonal outbreaks of infectious diseases
Factors linked to the seasonality of infectious
diseases References
The low level of absolute humidity that comes with
winter is linked to influenza outbreaks.
[3,4]
A factor seemingly connectedwith seasonal
outbreaks of influenza is the drop in the
production of vitamin D in winter.
[2,20]
Low temperatures enhance the survival of
rotaviruses and noroviruses and thusmay be
linked to their winter peaks.
[21,22]
Behavior of hosts: for example, children
congregating during school terms are linked to
seasonal outbreaks of measles.
[4,22,23]
they are mostly based on information from the Northern hemisphere,
which shows that more work is needed to uncover the factors that
cause outbreaks in other latitudes, such as in tropic regions. This is a
very important issue, because one way to assume more control over
seasonal outbreaks is to understand the factors that cause them and
to take proper precautions every season. However, if we look at all
of the examples from Table 1 and from the preceding paragraph, we
soon realise that we are dealing with a hugely diverse phenomenon,
involving factors including the various locations of seasonal outbreaks,
the different pathogens that cause them (bacteria, viruses, etc.), and
the various victims of these outbreaks. Therefore, it is very unlikely
that a single factor could explain why a great many infectious agents
are characterised by seasonal patterns of higher incidence. This was
shown clearly by Martinez,[4] who, in her review of the seasonality
of infectious diseases in humans, pointed out that the seasonality of
many infectious diseases is often caused by a combination of different
factors.
The aim of this paper is to show that another factor has to be
taken into account if we wish to solve the puzzle of seasonality: micro-
biomes. Mainly, I will try to show that part of the mystery surround-
ing the seasonality of infectious diseases can be explained via refer-
ence to internal changes in host microbiomes This idea, although it has
attracted insufficient attention in the study of seasonality, for exam-
ple, it has not been mentioned as one of the potential factors in review
papers,[4,22,24–26] sometimes appears in research papers as a possible
explanation for the results.[27–29] However, it has never been put for-
ward as a general explanation of the seasonality of infectious diseases.
The aim of the present paper is to show the theoretical plausibility –
indeed, to flesh out the conceptual basis – of this idea.
For a microbiome to be a contributing factor to an explanation of
the seasonal character of infectious diseases, it must be characterised
by three things. It must (i) make an organism more or less susceptible
to infectious diseases and (ii) undergo seasonal changes in composition
and/or diversity, in parallel to outbreaks of these diseases. In the next
two sections Iwill show thatmicrobiomesmay indeed be characterised
by these properties. However, this is still insufficient, because there
must also be a proper relationship between (i) and (ii). Specifically, (iii)
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TABLE 3 Selected examples of the role themicrobiomemay play
in the physiology of a host
Role of themicrobiome in the physiology of a host References
Involvement in the process of digestion. For
example, it has been revealed that the intestinal
microbiome in humans is involved in the digestion
of certain foods that cannot be digested by the
stomach or intestines.
[41,42]
Involvement in protection against pathogens. For
example, in frogs, the skin microbiome protects
against a pathogenic fungus.
[43,44]
Involvement in the proper development of the
immune system. For example, members of the gut
microbiomemay promote the differentiation of
anti-inflammatory regulatory T cells (Treg).
[33,45]
Influence on the behavior of the host. For example,
the gut microbiomemay be linked tomental
health and contribute to the development of
depression.
[40,46]
seasonal changes in microbiomes must influence their immunological
role, making organisms more or less susceptible to infectious diseases.
This is more difficult to demonstrate; however, in the third section I
will show that some evidence exists giving us reason to “re-think” this
explanation for the seasonality of infectious diseases and, thus, to take
microbiomes into account.
MICROBIOME PLAYS AN IMPORTANT ROLE IN
HOST DEFENCE AGAINST INFECTIOUS DISEASES
The term microbiome, referring to a community of symbiotic microor-
ganisms, can be used in various research contexts. For example, Gohli
and colleagues studied the microbiomes of subway stations and their
seasonal variation in Oslo by performing high-throughput 16S rRNA
gene sequencing of air and surface samples from 16 stations across all
four seasons.[30] Here, in using the termmicrobiome, I refer to the com-
munity of all symbiotic microorganisms living in and on the body of a
multicellular organism, such as a plant or animal. The number of these
symbiotes is enormous, very likely equal to the number of host cells.[31]
The number of unique genes that themicrobiome provides for the host
is even greater. For example, microbes in the human gastrointestinal
tract alonemay contain from150 to 500 timesmore genes than human
DNA.[32,33] Thus, the microbiome appears to be an outstanding source
of genetic variation for multicellular organisms, as has been observed
recently inmanydimensions.Ononehand, some scientists have argued
that this finding completely changes our understanding of the process
and history of evolution.[34–36] On the other hand, many have empha-
sised its importance to the physiology of the host.[32,33,37–40] Table 3
provides some concrete examples.
Among the many roles microbiome might play in the physiology of
the host, an especially important one is influencing the functionality of
the immunesystem.[32,33,37,44,47] The immunological system, a complex
and important part of the organism,may be engaged inmany vital func-
tions, such as defence against pathogens or establishment andmainte-
nance of boundaries between the organism and its environment.[33,48]
It appears that microbiome is involved in many of these activities, for
example, in the maturation of the immune system,[33,45] and defence
against infectious agents.[47,49,50] It may also be linked to certain disor-
ders, such as allergies.[33,51] These activities are extremely interesting
and important; however, as the role of themicrobiome in infectious dis-
eases is the primary subject of the present paper, I will briefly saymore
about this by citing some examples.
The first example comes from the study of rotaviruses, which are
problematic because they cause severe diarrhoea in children and
lead to approximately 600,000 deaths every year. [52] Thus, find-
ing a way to deal with these viruses is an urgent task. In recent
years it has been observed that one way to overcome these prob-
lems is to focus on microbiomes that may work quite well as a shield
against rotaviruses.[33,49,50] In one study, Zhang and colleagues inves-
tigated this potential role of microbiome in mice through studying
their infection and protection mechanisms against highly contagious
pathogenic rotaviruses.[49] This team’s hypothesis was based on the
fact that flagellin, an element of bacterial flagella, activates host genes
engaged in defence in intestinal epithelial cells (IECs),[53] where the
rotaviruses predominantly penetrates and replicates.[54] The study
showed that treating germ-free mice with bacterial flagellin not only
prevented mice from being infected with rotaviruses but also cured
previously-infected mice. The molecular mechanism behind this pro-
cess requires the flagellin receptors Toll-like receptor 5 (TLR5) and
NOD-like receptor C4 (NLRC4) and involves production of interleukin-
22 and interleukin-18.
The second example shows that microbiomes can also protect their
hosts from infectious diseases by directly inhibiting their colonisation.
Many bacteria found in the intestines of hosts are capable of providing
this protection,[47,49,55] through either competing for nutrients with
pathogens or producing certain inhibiting substances. The former
mechanism is exemplified by Bacteroides thetaiotaomicron,[56] which
live in the intestines of their hosts (mice) and feed on carbohydrates.
The same resources are used by the pathogenic bacteria Citrobacter
rodentium. Thus, when amousewith B. thetaiotaomicron in its intestines
is infected by C. rodentium, the latter cannot grow rapidly, because
the necessary resources are being used by the former. Indeed, B.
thetaiotaomicron is much better at acquiring these resources and thus
outcompetes C. rodentium. Basically, it can be said that the presence
of B. thetaiotaomicron leads to the starvation of pathogenic bacteria.
Another way of protecting a host from colonization by pathogenic bac-
teria, as previously mentioned, is through the production of inhibiting
substances. This happens when intestinal microbiome produce certain
substances that modify the intestinal environment and consequently
influence the growth and/or virulence of the relevant pathogen, as
exemplified by the production of small bioactive molecules that can
act on different parts of the intestine. These substances include bacte-
riocins – small antimicrobial peptides that can selectively (depending
on the bacteriocin in question) kill competing bacteria.[57] For exam-
ple, Bacillus thuringiensis produces a bacteriocin (thuricin CD) that
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directly targets spore-forming members of the classes Bacilli and
Clostridia.[58]
THE MICROBIOME IS CAPABLE OF UNDERGOING
SEASONAL CHANGES
Multiple factors influence on the structure of
microbiome
Recent research has shown that a microbiome may undergo changes
in community structure due to the influence of a multitude of
factors.[37,59,60] These changes do not always make a great deal of dif-
ference, as various taxa are capable of playing the same role in the
physiology of the host,[36,61] but in some cases they may modify the
microbiome’s proper functionality.[51,62] Among the factors influencing
the structure of a microbiome are antibiotics,[60,63] diet,[27,32,59,64,65]
temperature,[28,66,67,68] humidity,[69,70] and even the host’s produc-
tion of vitamin D.[71,72] In humans, for example, treatment with van-
comycin causes depletion of most components of a gut microbiome,
such as Bacteroidetes, and is associated with increases in species of
Proteobacteria linked with infectious processes.[63] Another factor –
one of the most important – is diet. For example, a vegetarian diet is
linked with the dominance of genera capable of metabolising insoluble
carbohydrates, such as Ruminococcus, Roseburia, and Eubacterium,[64]
and has been associated with a decline in Firmicutes and an increase in
Bacteroides.[59]
These examples represent the tip of the iceberg, as there are many
other factors that shape the structure of a microbiome. Of greater
interest from the perspective of this section, however, is the fact that
microbiomes can also change temporarily at certain times of the year.
Indeed, they may undergo seasonal changes in structure. This should
not be surprising, as all of the factors that influence microbiomes are
also subject to change during the year. We know that temperature
and humidity change, but diet,[73,74] and even prescriptions of antibi-
otics can also undergo seasonal changes to some extent.[75,76] All of
this shows that microbiomes have the potential to undergo recurrent
seasonal changes along with the factors that modulate their struc-
tures. Although this subject has not received much attention, some
researchers suggest that this occurs in both humans and other species.
Studies on this question are becoming ever more important, since, as
Koliada and colleagues noted [73], the focus onmicrobiomes at just one
point in the year may obfuscate their dynamic nature. Let me present
some examples to provide evidence for such claims, beginning with
some research carried out on humans.
Microbiome undergoes seasonal changes
Let’s start by presenting support for the idea that the seasonality
of microbiomes is observable in our species. The most detailed data
comes from a study of isolated groups. For example, Davenport and
colleagues studied a population of Hutterites,[74] a group of ethno-
religious Anabaptists living in North America. Hutterites live and eat
together, and thus constitute a communal group; as a result, dietary
patterns are almost identical throughout the group as well as through-
out the year, one exception being access to fresh fruits and vegetables
in the summer and autumn months. In their study, they reported that
the Hutterites’ gut microbiome is generally stable within individuals at
a given time, but there are wide differences in its composition over the
seasons. Mainly, these researchers observed significant increases in
Bacteroidetes and decreases in Actinobacteria and Firmicutes in sum-
mer compared towinter faecal samples. Themain factor explaining this
change in the gutmicrobiome, according to the researchers, is a shift in
diet; however, other factors related to seasonality very likely play a role
as well. Similar results were obtained in the study of theHadza hunter-
gatherers of Tanzania. Mainly, the gut microbiomes from dry seasons
in sequential years were indistinguishable from one another, yet were
clearly different from the gut microbiomes from the intervening wet
season.[77]
Although the most reliable research is based on studies of isolated
groups, more and more research is focusing on wider approaches. For
example, in their study of middle-aged Japanese people, Hisada and
colleagues found seasonal changes in the gut microbiome.[78] Mainly,
they showed that changes in the composition ofBifidobacterium are of a
seasonal character, very likely driven by changes in consumption of fer-
mented milk. In another study on a human Mongolian population,[79]
seasonal changes in the composition of the gut microbiome appeared
more often in the Khentii pasturing area, where the dietary pattern is
simple andvaried throughout theyear, than inTuwPrefecture andUlan
Bator, where dietary structure is diverse and stable. Another study
indicating the seasonal character of the gut microbiome composition
was conducted in Ukraine.[73] Among many discoveries, the authors
found that Actinobacteria abundance was much higher in summer in
comparison to other seasons, whereas the abundance of Bacteroides
was significantly reduced in summer compared to other seasons. Fur-
thermore, there is also indirect evidence for the seasonality of micro-
biomes. For example, in a US population, Korownyk and colleagues
demonstrated seasonal modulation in odours known to be associated
with the structure of themicrobiome.[80]
The seasonal variation in microbiomes concerns not only humans
but also other species that harbour symbiotic microorganisms. One
study revealed seasonality in the gut microbiome of Tibetanmacaques
(Macaca thibetana). Sun and colleagues showed that,[62] inwinter, num-
bers of the genus Succinivibrio, which promotes the digestion of cellu-
lose and hemicellulose, significantly increase, whereas in spring, abun-
dance of the genus Prevotella, associated with the digestion of car-
bohydrates and simple sugars, rises markedly. Seasonal variation in
microbiomes was noted as well in cases of amphibians. For example,
Longo and colleagues discovered that skin microbiomes undergo sea-
sonal changes in Lithobates yavapaiensis and Eleutherodactylus coqui.[29]
Mainly, during winter these microbiomes are characterised by greater
bacterial diversity.
Seasonal variation in microbiomes is linked not only to ani-
mals, but occurs as well in plants. For instance, Ou and colleagues
showed that,[81] in mulberry trees, a seasonal shift takes place in the
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composition of endophytes, i.e.microbes living in plant tissue. In spring,
the majority of endophytes comprised Proteobacteria and Actinobac-
teria; in autumn, Proteobacteria only. In another study, Copeland and
colleagues investigated seasonal changes in the leaf microbiomes
of three agricultural crop species commonly farmed in Ontario,[82]
Canada: Glycine max (soybean), Brassica napus (canola), and Phaseolus
vulgaris (common bean). These researchers discovered that, at the
beginning of the summer, themicrobiomeswere very diverse andmore
similar to the soil microbiome. As the summer continued, they became
differentiated and significantly less diverse, incorporating a greater
proportion of leaf-specific taxa.
CAN CHANGES IN THE MICROBIOME HELP TO
EXPLAIN OUTBREAKS OF INFECTIOUS DISEASES?
The Causal role of microbiome in the outbreaks of
infectious diseases
In the previous parts of this paper I presented three premises present
in the literature. To review them: (I) infectious diseases have a seasonal
character; (II) microbiomes can help hosts to defend against infectious
agents; (III) to some extent, the structures of microbiomes undergo
seasonal changes. Combining these three premises, we arrive at a
very interesting idea, namely, that seasonal changes in themicrobiome
may render its host more susceptible to infectious agents and thus
contribute to seasonal outbreaks of infectious diseases.
I believe the research I presented in the last section provides a
strong basis for putting forward this idea, which I will try to elab-
orate in this section. Firstly, I will show that we should exercise
caution in this regard, because the vector of causation may be dif-
ferent. Then I will show that seasonal changes in the structure of
the microbiome may, at least sometimes, be responsible for the
seasonal outbreaks of infectious diseases. Finally, I will try to show
that this idea is consistent with others aiming to explain seasonal
outbreaks and makes it possible to re-interpret them in the light of
microbiomics.
We should start with the simple statement that in microbiome
studies experimental evidence suggests correlation, but it is disputed
whether causation can be inferred from it.[83–85] The fact that an out-
breakof infectious disease accompanies seasonal changes in themicro-
biome does not mean per se that the latter causes the former. The
converse (i.e. infectious outbreaks may cause changes in microbiomes)
is also a justified conclusion. One obvious reason for this is that, fol-
lowing infection, people might change their diets, which are among
the main modulators of, for example, the gut microbiome.[27,32,59,64,65]
For example, Groves and colleagues showed that changes in the gut
microbiome occurred following viral lung infection in mice.[86] This
was very likely caused by immune-mediated inappetence that influ-
enced the diet of the mice and, as a result, the structure of the micro-
biome. Another reason may be that, in the course of infections, peo-
ple take medications that potentially influence the microbiome. In
a recent meta-analysis, Vila and colleagues showed that many com-
mon medications alter the gut microbiome.[87] Alternatively, changes
in microbiome composition and outbreaks of infectious diseases may
be correlated because they may be the results of what philosophers
call a common cause.[85,88,89] This was pointed out by Lynch and col-
leagues as a better explanation for some studies that see a correlation
between changes in phenotype and changes in the composition of the
microbiome.[85]
The above arguments show that the ability to see a relationship
between changes in microbiomes and some aspect of the host’s phe-
notype does not imply that causality is easy to establish. This raises a
question connected with the relationship between the seasonality of
microbiomes and that of infectious diseases. Might the former be the
cause of the latter, at least in some instances? Sadly, no studies are
likely to demonstrate unequivocally that seasonal changes in micro-
biomes play a causal role in seasonal outbreaks. However, I will argue
that this is a valid hypothesis that should be givenmore attention in the
study of seasonality of outbreaks by indirect way.Mainly, I will attempt
to show that factors that undergo seasonal changes may influence the
immunological properties of microbiomes. This suggests that it is justi-
fied to takemicrobiomes into account when attempting to explain sea-
sonal outbreaks. Furthermore, where possible, I will mention studies
that are on the right track towards discovering the causal role ofmicro-
biomes in seasonal outbreaksof infectiousdiseases. Iwill showthis first
by demonstrating the influence of diet. Then Iwill analyse the influence
of temperature and production of vitaminD, factors that have been put
forward in hypotheses attempting to explain the seasonal outbreaks of
infectious diseases. I have chosen these factors because it is uncertain
whether the introduction ofmicrobiomes into the discussion call these
ideas into question or potentially enrich them. I favour the latter possi-
bility, as it provides an alternative explanation for the process whereby
these factors lead to seasonal outbreaks (Figure 1). I will now show this
by linking microbiomes to factors aimed at explaining the seasonality
of infectious diseases.
Let us start with the most important modulator of the structure of
microbiomes, i.e., diet, which is known to impact microbiomes, espe-
cially in the gut,[27,32,59,64,65,90] and, as noted earlier, is subject to sea-
sonal changes that influence their structures.[62,74,75,78] Knowing this,
we can ask whether changes in diet have an impact on the immuno-
logical properties of microbiomes. I believe there is some research
showing the potential of diet in this respect. For instance, Trompette
and colleagues,[91] in a study on mice, found that dietary fermentable
fibre content changed the composition of gut and lung microbiomes
through altering the ratio of Firmicutes to Bacteroidetes, which influ-
enced themicrobiomes’ immunological properties.Mice onahigh-fibre
diet were characterised by increased circulating levels of short-chain
fatty acids (SCFAs) and were protected against allergic inflammation
in the lungs, whereas a low-fibre diet decreased levels of SCFAs and
exacerbatedallergic airwaydisease. In the first case, the increased level
of SCFAs was caused by the gut microbiome, which metabolised the
fibre. In another study, Desai and colleagues discovered that feeding
mice a fibre-free diet promoted the expansion and activity of mucous-
degrading bacteria in the colon,[92] leading to increased susceptibil-
ity to infections in comparison to fibre-fed controls, because the gut










F IGURE 1 A reference to amicrobiome can “re-interpret” the classic explanations of the seasonality of infectious diseases (like temperature,
humidity, etc.). Microbiome is involved in the defence against infectious diseases and is very plastic, because external factors can change its
composition. Thus, as during seasons external factors are being changed theymight affect themicrobiome and its potential in defence against
infectious agents. As result, it contributes to outbreak of infectious disease in next season, as pictured above. Big circles refer to host, small to
microbiome, triangles represent viruses. Colors refer to differentmembers of themicrobiome, whose abundance is changing during seasonmaking
the host suceptible to infections.
microbiome used host-secreted mucous glycoproteins as a nutrient
source, leading to erosion of the colonic mucous barrier. As a result,
dietary fibre deprivation, along with a fibre-deprived, mucous-eroding
microbiome, led to greater epithelial access for the mucosal pathogen,
Citrobacter rodentium, resulting in lethal colitis.
This, of course, shows only that changes in the diet lead to changes
in the immunological properties of microbiomes, as a result of changes
in their structures. However, the question is whether such changes
can cause seasonal outbreaks. As I noted previously, it is hard to point
out paradigm examples, but I believe that some studies are on the
right track in terms of unravelling the causality here. One such study
was conducted by Maurice and colleagues,[27] who suggested that
seasonal changes in the structure of the gut microbiome of wood
mice (Apodemus sylvaticus) in the United Kingdom over a two-year
period was very likely due to a transition from a diet based on insects
to one based on seeds. The most interesting discovery involved the
observation that the abundance of Lactobacillus increased in spring
and decreased in autumn. This was correlated with a reduction in the
abundance of Helicobacter in spring and an increase in autumn. The
authors suggested that this might indicate a connection – mainly, that
Lactobacillusmight be involved in protection againstHelicobacter infec-
tion and that the autumnal decline in its abundance facilitated infection
in mice byHelicobacter. Of course, empirically, only the correlation was
proven; other explanations were possible at this point in the research.
However, this is undoubtedly an interesting case to be explored in
future in experimental settings, as laboratory studies have shown
that Lactobacillus confers protection against infectious diseases.[93,94]
Thus, one possible explanation is that diet-induced seasonal changes
in the abundance of Lactobacillus lead to seasonal outbreaks of
Helicobacter.
Re-interpreting other hypotheses in the light of
microbiomics
One factor that has been linked to seasonal outbreaks of influenza are
seasonal declines in the production of vitamin D ,[95,20] which plays an
important role in the functionality of the immune system.[96,97] Pro-
duction of this vitamin not only may help fight infectious diseases but
also may be involved in defence against infection. However, because
it relies on solar radiation, which varies over the seasons, as a trig-
ger, its level of production is not consistent during the year. Therefore,
according to this idea, during the colder months, production of vita-
min D declines, influencing the immune system, and as a result individ-
uals become more susceptible to infection. Then, during the warmer
months, vitamin D production rises, boosting the immune system and
preparing organisms to fight infectious agents.
However, this is not the only way vitamin D can influence the
immune system. It may also influence the microbiome, and this in turn
may weaken an organism’s immune system. More and more research
shows that vitamin D may alter gut microbiome composition.[71]
How? For example, binding of the active form of vitamin D, calcitriol
(also known as 1,25(OH)2D), induces the production of antimicro-
bial peptides by macrophages.[71,72] The consequent selective killing
of pathogenic bacteria leads to greater opportunity for colonisation
by “healthy” bacteria, which, as a result, may help to fight infectious
agents, as this (as I showed in the second section of this chapter) is
one of the microbiome’s roles. Therefore, seasonal declines in the pro-
duction of vitamin Dmay influence gut composition, which in turn may
make organismsmore or less susceptible to infectious agents. Thismay
help to explain why seasonal outbreaks are correlated with declines in
the production of vitamin D.
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Another factor that has been frequently linked to seasonal out-
breaks involves changes in temperature from one season to another.
[3,4,98] However, the issues of which temperatures cause seasonal out-
breaks, by means of which mechanisms, are not yet totally clear. On
one hand, there is reason to think that low temperatures influence sea-
sonal outbreaks, which frequently emerge during thewintermonths, in
some way.[3,4,20] For example, low temperatures enhance the survival
of rotaviruses and noroviruses, and thus may be linked to their winter
peaks.[21,22] This is because viruses tend to be more stable at low tem-
peratures, for example, within nasal passages, as the epithelial surface
is cooled by colder ambient air. [99] Moreover, the envelopes of viruses
undergo physical changes at higher temperatures. Host immunology is
as well influenced by the temperature. For example, at lower tempera-
tures, cellularmetabolic functions slowdown,which consequentlymay
reduce the frequencyof ciliary beats, curb the secretionofmucous, and
restrict phagocytosis.[99] On the other hand, it appears that high tem-
peratures may not diminish seasonal outbreaks. For example, research
on mice shows that high temperatures mimicking summer heat may
actually make a host more susceptible to viral infections.[26,100] Thus,
the relationship between outbreaks and temperature is not likely to
be linear; other factors may be involved and may differ for different
pathogens, especially in view of the fact that some seasonal outbreaks,
such as those of West Nile virus,[28] chicken pox,[4,6] and even all six
recent influenza pandemics occurring in the Northern Hemisphere in
the period 1957–2009, occurred between spring and summer.[26,101]
One potential alternative mechanism by means of which low/high
temperatures can make a host more susceptible to infection oper-
ates through influencing the microbiome, which may play a role in
the defence against infectious diseases. Currently, more and more
emerging research shows that changes in temperature may constitute
an important modulator of gut microbiome.[67] For instance research
shows that rearing mice in temperatures mimicking summer heat
weakens virus-specific adaptive immunity, although this can be par-
tially restored by glucose or short-chain fatty acid supplementation,
suggestinga role fordiet and themicrobiome inheat-mediated immune
impairment.[26,100] Similarly, there is some evidence suggesting that
low temperatures can influence the immunity of a host; this may be
mediated by the microbiome. One such study was done by Ferguson
and colleagues,[102] who showed that the spring field cricket Gryllus
veletis undergoes seasonal changes in microbiome gut composition
that are associated with changes in the physiology of the host. For
instance, in experimental settingsmimickingwinter conditions (such as
low temperatures), these researchers observed changes in the crick-
ets’ gutmicrobiomes associatedwith certain changes in immunological
activity. Most interestingly, in winter, crickets were less likely to sur-
vive fungal infections, suggesting that exposure to low temperatures,
through influencing the microbiome, may make a host more suscepti-
ble to infectious agents.
This shows only that temperature is capable of influencing the
immunological properties of microbiomes. The question, however, is
whether such changes can trigger seasonal outbreaks. Are there any
field studies that indicate as much? Of course, as in the case of diet,
there are no paradigm cases thatmight constitute unequivocal demon-
strations, but some studies are on the right track. One was conducted
byNovakova and colleagues,[28] who studiedmicrobial communities in
11 adult mosquito host species from six regions in southern Ontario,
Canada. These researchers observed seasonal shifts in microbiomes
that recurred consistently over the3-year period of their study. A strik-
ing case, from the perspective of this paper, involved Culex pipiens.
In this species, seasonal changes observed in the relative abundance
of the symbiotic bacteria Wolbachia were driven mainly by a change
in mean temperature that correlated negatively with abundance. This
finding is consistent with other studies.[103] More interesting, though,
is that this seasonal change in the abundance of Wolbachia, which
peaked in August in each year, was followed by an increase in West
Nile virus (WNV). For the mosquito, harbouring this virus entailed fit-
ness costs.[104] The authors concluded that, at higher temperatures,
Wolbachia abundance was reduced, leading to greater susceptibility to
WNV in the subsequent generation. Again, empirically speaking, only
the correlation was proven; other explanations were possible at this
point in the research. However, this is undoubtedly an interesting case,
to be explored in future in experimental settings, as laboratory stud-
ies have shown that Wolbachia confer protection against infectious
diseases.[105,106] Thus, temperature-induced seasonal changes in the
abundance ofWolbachia may lead to seasonal outbreaks of West Nile
virus.
I think these examples clearly show that, at least in theory, micro-
biomes are likely contributors to seasonal outbreaks of infectious dis-
eases. Of course, the wordmicrobiome is a very broad term and encom-
passes a wide range of phenomena. For example, we might distinguish
skin, lung, and vaginal microbiomes. All of these microbiomes may be
involved in seasonal outbreaks, but not at the same time (for instance,
some parts of a microbiome might contribute to outbreaks caused by
infectious agent A, others to those caused by B). Very likely, different
parts of microbiomes will also prove relevant to seasonal outbreaks
in different species; for instance, skin microbiomes appear to play
an important role in amphibian immunology,[43,44] whereas in mam-
mals gut microbiomes appear more relevant.[92,93] Furthermore, even
though diet seems to be the most important modulator of microbiome
structure,[27,32,59,64,65] microbiomes can also be shaped by other fac-
tors, such as antibiotics,[60,63] temperature,[28,66,67,68] humidity,[69,70]
and even the host’s production of vitamin D.[71,72] This suggests that
seasonal outbreaks to which microbiomes may contribute may be trig-
gered by seasonal changes in different external factors. In otherwords,
the question of whether microbiomes contribute to outbreaks and, if
so, which parts of microbiomes and which external factors produc-
ing changes in microbiomes are relevant are details that depend on
the species in question and must be empirically investigated. The main
message of this paper is that such an investigationwill have to take into
account the justified possibility that microorganisms may play a causal
role in outbreaks of seasonal infectious diseases.
Overall, this section has shown that we should seriously consider
microbiomes, as they may change from season to season, which may
influence their ability to fight infectious diseases. Furthermore, factors
capable of modifying microbiomes (vitamin D, temperature, etc.) have
been suggested as contributors to seasonal outbreaks, suggesting
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that these modifications constitute a potential alternative mechanism
whereby these factors render hosts more susceptible to infectious
agents. I have offered some evidence here in favour of this idea,
which, of course, requires a more “holistic” and dynamic view of an
organism. In this view, an organism comprises the combination of a
host and microbes (i.e., a holobiont), as has been proposed by many
researchers,[37–39,107,108] and may undergo changes in its function-
ality over the seasons that affect the microbes involved in its basic
properties (such as immunology).
CONCLUSIONS AND OUTLOOK
In this paper I argued that seasonal changes in microbiomes may con-
tribute to seasonal outbreaksof infectiousdiseases. This idea shouldbe
investigated empirically. This would require a mix of field studies and
experimental studies, supplemented by theoretical modelling. Firstly,
a connection between outbreaks of seasonal infectious diseases and
the structure of microbiomes needs to be sought. As noted previously,
some studies have already indicated such a connection.[27–29,109]
However, these studies report mainly correlations, whereas causality
is open to dispute. Thus, there is a need for follow-up studies aimed at
determining, in experimental settings,whether a given state of amicro-
biome observed in nature during a seasonal outbreak renders the host
more susceptible to infectious agents or whether this state is merely
a by-product of the outbreak. I am not aware of any follow-up studies
of this kind; however, studies that investigate the manner in which a
microbiome renders its hostmore/less susceptible to infectious agents
are conducted quite often, as was noted in the second section.[55–58]
Therefore, in principle it should be possible to design and conduct such
studies. Finally, if we accept the idea that microbiomes are capable
of involvement in seasonal outbreaks of infectious diseases, then our
models aimed at predicting the dynamics of epidemics should incorpo-
rate a more inclusive view of individuals: specifically, that each individ-
ual comprises a host and amicrobiome, and that some parts of amicro-
biome can be obtained from the environment or horizontally from
other members of a given population, similarly to current modelling in
evolutionary biology.[110,111] Thismay influence our predictions and, in
turn, our policy. Overall, it appears that a focus onmicrobiomes in stud-
ies of seasonal outbreaks of infectious diseases may result in a produc-
tive research programme that will open new research avenues or per-
haps even lead to solutions of some old mysteries in the study of out-
breaksof infectiousdiseases, just as a focusof this kindhelped to clarify
certain old inconclusive experiments in the study of speciation.[112]
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